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A B S T R A C T
Kinetic studies of the early stages of the oxidation of pure iron, initiated
at a clean metal surface, have been carried out at a pressure of 76 mm. Hg
absolute and isothermally in the temperature range 700«870°C by using a
constant pressure«differential gas apparatus. The duration of each
isothermal study has been restricted to the first two minutes approximately
and the thickness of the oxide formed is calculated to be of order of 
o
150,000 A. During each isothermal study values of the instantaneous rate
of reaction dW/- . , where ¥ is the weight of oxygen consumed per unit area 
dt
of the specimen and t is the time, have been obtained at intervals of a 
few seconds from the instant when it becomes practically possible to take 
the first reading. The relation between and ¥ is shown to be
exponential. The plot of logarithm of reaction rate constant k against 
i/T, where T is the absolute temperature, is continuous as a cusp which 
rises to a sharp peak at the Curie temperature (755°C). The activation 
energies for oxidation in the temperature-independent ranges above and 
below the Curie temperature are 33,100 and 21,700 calories/mole 
respectively. Hence it is deduced that the observed non-parabolic 
oxidation is controlled by the rate of electron transfer at the metal-oxide 
interface•
For cobalt, using the same experimental technique, a logarithmic 
relationship between and ¥ has been confirmed up to oxide-film
thickness of 220*000 A and the log. v/i plot gives a ousp peaking at 1121°C*
10
The results for nickel, though not conclusive, show a cusp at the Curie 
point (353°G). A sharp discontinuity in the oxidation rate of cohalt 
observed at 1175°C is attributed to a suspected allotropio change in the 
metal. The values of the activation energy for oxidation of cobalt above 
and beloYf the transformation temperature range (1055“’1175°C) are 35,000 
and 22,000 calories/mole respectively.
Some interesting and striking correlations between the electronic 
structure of iron, cobalt and their initial oxidation behaviour have been 
pointed out and discussed in the light of certain features of tfhligf s 
theory which appear compatible with the present results.
FOREWORD
In compliance with the recommendations of the Examiners 
the thesis has been.revised.
In view of the difficulties pointed out in the text in 
connection with the research on nickel (calibration, 
rigidity and sensitivity of the apparatus and the. nature 
of the oxide), it is estimated that the further study to 
obtain satisfactory and conclusive results would require 
at least one year's work. This the author wishes to 
continue abroad as post-doctoral research project at a 
later date when enough support ia available.
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1. I N T R O D U C T I O N
1.1, Thermodynamics of Oxide Formation
A metal tends to form a stable oxide when exposed to an oxidising 
atmosphere of which the effective oxygen pressure is higher than the 
equilibrium pressure for the system metal-oxide-oxygen# For most metals 
this equilibrium pressure is low even at temperatures as high as the boiling 
point of the metal. Therefore, most metals, in the solid or liquid state, 
are thermodynamically unstable even in normal oxidising atmospheres#
1*2# Nucleation and Growth of Oxide
The formation of an oxide of a metal may be considered as two 
processes:-
(1) The nucleation of the oxide,
(2) The growth of the oxide film#
Bach of these is independently activated and requires certain activation 
energy to proceed#
The activation energy for nucleation is dependent upon the oxygen 
pressure and is very small even at normal pressures. Even at room 
temperature nuclei of oxide will begin to appear at practically every point 
on the surface leading to a uniform film in a short time. If the activation 
energy for nucleation is not small, then one should expect the oxidation
-10-
to start from nuclei which will appear at the most favourable imperfect points on 
the crystal face such as dislocations, impurities etc. The initiation 
of an oxide from nuclei has been demonstrated practically by Eenard [ 1 ] 
and his collaborators.
The activation energy for growth is independent of oxygen pressure 
and is decided by the activation required for the migration of the charged 
units (ions, electrons) through the oxide film. For normal oxygen 
pressures the activation energy for nucleation being very small, the 
controlling factor for oxidation is the activation energy for growth. For 
an understanding of the growth of an oxide on the atomic scale a description 
of the defect structure of the oxides is required.
1.3. Defect Structure of Oxides
The oxides of most metals are insulators at low temperatures where 
their compositions are stoichometric. They, however, acquire appreciable 
electronic conductivity at higher temperatures due to deviations from 
stoichometry. The electronic conductivity may occur by electron holes 
(p-type semiconductor) or electrons (n=»type semiconductor).
In n«type oxide semiconductors (metal-excess type) the ionic 
conductivity is due to interstitial cations (e.g. ZnO) or anion holes 
(e.g. Fe^O^)* In p-type oxide semiconductors (metal-deficient type) 
the ionic transport is via cation holes (e.g. FeO, CoO, NiO, etc), the
— 11*®
example of the corresponding anion defect (interstitial anion) is not
definitely known.
In most systems the ionic transport through the oxide shows a 
marked ’’Kirkendall effect” with diffusion of one component (anion or 
cation) predominating. A number of metals oxidise by the outward 
diffusion of cations. The essential overall Charge neutrality in the 
oxide is maintained by the movement of electrons in the appropriate 
direction (outward) as in the cases considered here.
1.4. Atomistic Model of Oxidation
The various processes contributing towards the growth of a coherent 
oxide layer can be described as follows:
a)  Entry of metal ions into the oxide at the metal-oxide interface.
(2) Entry of electrons into the oxide at the metal-oxide interface.
(3) Migration of the metal ions through the oxide film.
(4) Movement of the electrons in the oxide.
(5) Chemisorption of oxygen on the oxide at the oxide-oxygen 
interface.
A discussion of the mechanism of oxidation warrants thermodynamic 
and kinetic considerations for each of these processes. The rate 
equation obeyed by the oxidation reaction is decided by the one which 
is the rate-controlling step. Hence, theoretically, the observed rate
-12-
equation should show complete conformity with one single equation as long 
as the same step is rate—controlling. However, in practice rate equations 
indicate a complicated nature which may he due to the limitations of 
experimental precision. Alternatively, an inexact theoretical analysis 
could lead to non-conformity "between the expected and observed results.
1.5. Kinetics of Film Formation
(1) Linear law;
It could be expressed as:
where x is the film thickness, t is the time and k^ is the reaction rate 
constant. It is natural to deduce from the equation that the oxidation 
rate, being independent of film thickness, is controlled at the interface 
to which oxygen has direct access. This can include any of the following 
cases:
(a) Volatile oxides.
o o  Non-volatile oxide which is mechanically unstable 
e.g. contains pores or has spalling tendency.
(c) Oxide is mechanically stable but the partial pressure of oxygen 
in the environment is low so that the availability of oxygen at the reacting
-13-
interface is a very slow process* Hence, in this case, rate of supply 
of oxygen would he rate—controlling step# By the mass action law the 
oxidation reaction would he proportional to the oxygen pressure# As the 
pressure rises the oxidation rate would increase until a value is reached 
when the reaction is pressure-independent#
The association of these conditions with linear relationship has 
heen confirmed, empirically, for the oxidation of many metals [2, 3 $ 4-L 
There are, hov/ever, certain cases where linear law has heen observed (e.g# 
aluminium 500 - 550°C [5]) even though these conditions (a,b,c) do not 
hold good.
(2) Parabolic law;
This law was first derived hy Wagner [6] from hasic physico­
chemical principles. It can he expressed as
dx k p 
«  = ~
where kg is the reaction rate constant. The rate equation normally 
implies attainment of local thermodynamic equilibrium at the metal-oxide 
and oxide- oxygen interfaces. The oxidation rate is controlled hy the 
diffusion of ions and electrons due to a concentration gradient in the 
oxide film. The concentration gradient originates from either the excess 
of metal or excess of oxygen in the oxide film. The oxide contains overall
- 14-
charge neutrality without any significant space-eharge effects being present* 
The law has been verified for the oxidation of a number of metals (e.g. 
iron [7], copper [8], cobalt [9], nickel [lo] etc} at various temperatures 
and pressures. The oxidation of any metal forming coherent oxide film 
should follow the parabolic law as a limiting case.
(3) Non-Wagnerian-Parabolio laws;
These include the logarithmic and cubic types and some cases of 
linear law observed for pressure-independent oxidation forming protective 
oxides. Logarithmic type includes direct logarithmic [ *= k^* exppc^x)],
inverse logarithmic [■““• = k^.sinh an& ^or certain conditions of time^
asymptotic equation also “  = k^. exp(- ^g.t) ,k^ , k^, kg, kg 
in the above equations are constants and k^ represent the reaction rate 
constants.
Logarithmic oxidation was first noted by Tammann and Koster [xi] 
and since then has been reported for the oxidation of many metals (e.g. 
copper [l2, 13, 14, 15, 16], zinc [l7, 18], nickel [19] etc.) under specific 
conditions of temperature and time. The direct logarithmic is the most 
common of all these laws. The theoretical treatment suggested by various 
workers has been mainly devoted to explain its significance in terms of 
the atomistic model for metal-oxide-oxygen systems. The same treatment
with slight modification applies to the others.
[dx ^9 t—  =s “4 where kn is the rate constant J was ax x  y
-15-
observed for the oxidation of copper by Campbell and Thomas [20 ] (100 - 250%), 
Tyleoote [21 ] (520 - 750°C) and also by Rhodin [22] (50 - 80°C).
All these rate equations have been found to apply mostly for
° L°
small film thicknesses (20A - IOTA ) . . The complexity of the equations 
implies that certain factors other than thermally-activated diffusion due 
to a concentration gradient govern the oxidation. Hence, they would be 
expected to apply to the following cases:
(a) At low temperatures where the oxide-film thickness does 
not build up to a high value even after considerable time 
of exposure due to lack of sufficient thermal activation, 
oo  Initial stages in the high-temperature oxidation where 
probably thermodynamic equilibrium has not been attained 
for some of the component reactions mentioned in 1.4*
In.many cases this would be the stage which precedes the 
Wagnerian-parabolic oxidation.
The case (a) is conventionally called as the "thin-film region** 
and has been the subject of many contrasting views. Many of the theories 
are based on certain assumptions which are difficult to confirm in the 
present state of knowledge. No single model has so far been confirmed 
in all its details$ certainly not for the field of the initial stages of 
high-temperature oxidation. For the lack of any concrete experimental 
work no separate theoretical treatment has been attempted for this region.
■*l6«»
The mechanisms suggested for the thin«»film region (non«»parabolic oxidation 
at low temperatures) have heen assumed to hold good for the initial stages 
of oxidation at high temperatures.
1.6 Theories for the Mechanism of Non-Wagnerian-Parabolio Oxidation
The theoretical treatment for the non-Wagnerian~parabolio oxidation 
falls into two main categories. The first associated with Evans [23 ] 
explains it hy considering effects of mechanical breakdown in the oxide 
films other than very thin ones. The second associated with Cabrera and 
Mott ] , Uhlig [25 ]attempts the treatment on the basis of the effects 
of electric field and spaoe-oharge layers in the oxide respectively. In 
the second category there are other theories suggested by Landsberg [ 2d  , 
Crimley and Trapnell [27] based on effects associated with chemisorption 
of oxygen on the oxide surface. However, the treatments of the Cabrera-Mott 
model and TJhlig1s model appear more fruitful in explaining the observed 
results and hence are considered as the relevant models.
Evan*s [23] cavity theory explains the logarithmic type oxidation 
for oxides where transport of material is, at least partly, by oation-vacancy 
migration. Some of the vacancies, moving inwards, accumulate and form 
cavities at the metal-oxide interface and thus reduce the effective surface 
area for transport of ions or electrons. Evans derives the logarithmic 
equation from the premise that the oxidation is truly parabolic and the
-17-
reduction in effective area is proportional to the amount of oxidation*
The rate constant for the logarithmic oxidation is proportional to the 
amount of oxidation needed to reduce the area available by a given fraction*
In this theory great emphasis has obviously been placed on the stresses 
produced in the oxide film as per the Pillihg~Bedworth rule* • However, 
Vermilyea [28] has indicated the invalidity of the application of the Pilling- 
Bedworth principle to either cation-diffusing or anion-diffusing oxide 
Conductors* The theory is qualitative and does not adequately explain the 
temperature dependence of the rate constant. It is difficult to accept 
that logarithmic oxidation is alv/ays associated with mechanical breakdown 
in the oxide* It may be true for certain cases where visible cracking or 
void formation occurs in the oxide film*
Cabrera and Mott [ 24 ] consider that when the oxide film thickness 
is small but still homogeneous there is a strong electric field set up 
in the oxide due to a potential difference across the oxide. The potential 
difference is due to the contact potential (V) between the metal and
V
oxygen adsorbed on the oxide* The strength of the field is given by ^
where x is the film thickness* This field enables the metal ions to move
through the oxide without much help from temperature* The ions and 
electrons move independently of each other in the oxide but the space 
charge thus created is negligible compared to the strength of the field.
The basic assumptions in the model are:
-18'
(1) Electrons pass through the oxide film hy some mechanism (thermio­
nic emission or quantum-mechanical tunnel effect) in a time very small
with respect to that required for ion diffusion through the oxide. These 
electrons fill up the empty acceptor levels of oxygen adsorbed on the oxide 
and establish equilibrium between metal and adsorbed oxygen.
(2) The equilibrium contact potential between the metal and the 
adsorbed oxygen (V) is supposed to be independent of temperature, oxygen 
pressure and oxide thickness.
(3) The total activation energy for the solution of metal in the 
oxide at the metal-oxide interface or of oxygen at oxide-oxygen interface 
is also assumed to be constant.
In the theory two cases are described:
o
(a) Very-thin films (less than about 100A)
(b) thin films (up to several thousand angstrom units).
(a) In very-thin films the strength of the field (X) is very much greater
x
than kT where T is the absolute temperature and k is the Boltzmann constant. 
The rate of entry of metal ions into the oxide is proportional to an 
exponential power of the field which on derivation gives an inverse 
logarithmic law. Some of the results observed by Vermilyea [29] for the 
oxidation of tantalum (70 - 300°C), Rhodin [22] for copper (-195 to 30°C) 
and by Young et al. [30] for the oxidation of different faces of a single 
crystal of copper at 70°C agree reasonably well with this rate equation.
-19-
In general, inverse logarithmic law has not been very commonly observed in 
practice and Bmffe and Ilsohner [31] have therefore revived an original 
idea by Mott [32] • According to this mechanism called the Mott-Hanffe- 
Hschner mechanism the rate-controlling factor for the growth of very-thin 
films is the rate of electron-tunnelling through the oxide film. This gives 
a direct logarithmic law commonly observed in practice. Thus it is claimed 
that very-first, very-thin film oxidation is controlled by rate of electron- 
tunnelling whereas the rate of ionic transfer determines the rate of thicker 
films.
0
(b) Thin film:- For film thickness larger than about 100A the field
strength (--) is less than kT and hence the rate of migration of the ions
in the oxide film is proportional (inversely) to the film thickness. This
on derivation gives a parabolic law for n-type semiconductors with a rate
constant different from that for Wagnerian-parabolic rate constant. The
parabolic relationship observed by Gulbransen and Wysong [5] for the
oxidation of aluminium between 350 - 450°C is explained by Cabrera and Mott
on this mechanism. The linear relationship observed by them [ 5 ] (aluminium
500 - 550°C) is explained as probably a transition stage from the field-
controlled to Wagnerian-parabolic law. The critical film thickness which
separates the ranges of applicability of the two parabolic time laws is
0
estimated as 20,000A •
On the same theoretical treatment as above a cubic equation is
-20
derived for p^type semiconductors. This is "the interpretation given hy 
Cabrera [24] of the Cubic oxidation of copper (100 - 250°C) observed by 
Campbell and Thomas [20] •
A criticism of the basic assumptions of the Cabrera-Mott model is
given by Cabrera [33]. Ife states firstly, that electrons travel much
o
faster than the ions only for film thickness of about 20 A • The tunnel-
0
effect is not very effective for barrier thickness greater than 30 A . As 
the film thickens the electrons will probably have to diffuse through the 
oxide and this should be a slow process, The equilibrium between the 
metal and the adsorbed oxygen layer cannot be assumed to have been attained
t r
in a short time. hence the strength of the field cannot be equal to ~
x
but it is a complicated function of x since V itself is a complicated 
function of x. The second assumption that V is independent of film 
thickness,oxygen pressure and temperature is reasonable only for films a 
few monolayers thick and for the oxygen pressure sufficiently high so that 
there is plenty of adsorbed oxygen available. Engell and Hauffe [ 34 ] and 
G-rimley [ 35 ] have carefully analysed this point and shown how V varies with 
the oxygen pressure. The third assumption should be correct in the range 
of film thickness in which the first is justified.
further Cabrera has discussed qualitatively the transit of electrons 
through large oxide-film thickness. He suggests that the electrons in the 
conduction band of the oxide maintain a quasi-equilibrium with the metal
- 21-
but not with the adsorbed layer. This gives rise to an electric field 
due to space charges and surface charges thereby created. Added to this 
is the positive space charge in the oxide due to the presence of metal ions* 
The growth of the oxide is still field-controlled and this overall field is 
probably more important than the one which would be present if the metal 
was in equilibrium with the adsorbed oxygen.
The Cabrera-Mott model can only qualitatively explain the oxidation 
rate anisotropy observed for single crystals of copper by Benard and Talbot 
[ 36 ] (900°C) and also by Young, Cathcart and G-wathmey (70 - 178°C) [ 30 ] •
It cannot even predict the correct relative order of the rates of oxidation 
of different crystal faces*
G-rimley and Trapnell [ 27 ] have considered the effect of the gas-oxide 
interface on the oxidation of metals* Mott assumes in his theory that 
chemisorption of the gas on the oxide is reversible in so far as the 
concentration of the adsorbed layer depends on the pressure. G-rimley and 
Trapnell suggested that the adsorbed layer could well be saturated even at 
high temperatures and for pressures well belo?; those used in the oxidation 
experiments. Further,it is assumed in Mott's theory that electrons for 
chemisorption of oxygen are provided by the metal in which case each ion 
contributes to the electric field across the oxide. G-rimley and Trapnell 
consider that the electrons could be supplied by surface atoms which undergo 
a change of valency, the field m  this case being localised to the ion pair. 
The electric field is assumed to be independent (unlike Mott's theory) of
- 22-
film thickness* Various laws have been derived for n- and p« type oxide 
semiconductors depending upon whether the migration of an ion through the 
oxide or a surface reaction is rate-determining. It is also shown that 
for p—type oxide semiconductors the law of oxidation may depend not only 
on whether the surface layer is saturated or not but also on whether the 
field-creating ion present is 0^, o" or (T. In their opinion this theory 
explains the linear law observed for the oxidation of aluminium by 
G-ulbransen and Wysong [5 ] (500 - 550°C) better than the Cabrera-Mott model. 
It is also claimed that the pressure dependence of the oxidation rate 
observed in case of iron and copper by Lanyon and Trapnell [37] is more 
adequately explained than that by Cabrera-Mott theory.
There is very little information available about the species adsorbed 
under any particular conditions. Ifence, it is difficult to decide whether 
the treatment suggested by G-rimley and Trapnell would be applicable to 
thin-film oxidation and further to the initial stages of oxidation at high 
temperatures.
Uhlig [25] has questioned the Cabrera-Mott model on the grounds 
that it does not explain fully
(1) the effect of crystal orientation on the oxidation rate [l2, 38]
(2) discontinuous changes in oxidation rate at transformation 
temperatures like allotropic change [39, 40, 41 ] or Curie 
point [41* 42] as have been reported by several workers.
m  has, therefore, put forward a theory with the basic viewpoint
contrary to that of Cabrera and Mott. In "this "theory it is as slimed
that for the initial oxidation the rate-controlling step is the rate of
electron flow from metal to oxide* This rate of electron flow* in turn,
is controlled by a changing less-positive or more-negative space charge
layer in the oxide which arises because of an increasing number of
electrons becoming trapped at lattice defects. The nature and extent of
the space-charge layer has been justified by him on Volta- or contact
potential measurements for the initial oxidation of copper and zinc. The
space-charge layer is made up of two parts. Over the film immediately
adjacent to the metal the charge is of constant density and extends to 
o
about 1000 A • There is a diffuse-density charge layer on top of the first
one which extends to several thousand Sngstrofiis. The formation of these
two space-charge layers gives a two-stage logarithmic growth and explains
L  o
the persistence of the logarithmic equation up to 10 A • It is shown 
that under some circumstances the particular distribution of charge in the 
diffuse layer may lead to cubic oxidation equation.
On the basis of this theory the anisotropic oxidation of single 
crystals is explained as due to the difference in electron-work function 
for different crystal faces. Similarly the reported discontinuous changes 
in the oxidation rate at the transformation temperatures (e.g. allotropio 
change, Curie point) are attributed to a change in the electron-work function 
at the transformation temperature. As a quantitative confirmation of the
«®24**
theory Uhlig, Pickett and Macnairn [I9] have studied the oxidation of nickel
in the temperature range in which the metal undergoes magnetio transition*
The results are based on 24 hour exposure tests in which the maximum oxide-
0
film thickness formed is about 3400 A . They report a discontinuity in the 
oxidation rate at the Curie temperature (353°C). The activation energy for 
oxidation above the Curie temperature (21,000 calories/mole) is higher than 
that below (19,900 calories/mole). This is reported as being in reasonable 
agreement with the change in the electron»work function of nickel in the 
magnetic transformation temperature range as reported by Cardwell [ 43 ]
(5.20 ~  0*05 eV above and 5*05 - 0*05 eV below 350°C)* However, the 
magnitude of change reported in the value of the activation energy (^ 5fo) is 
rather small to serve as a conclusive evidence. Similar results have been 
reported by Uhlig and Brasunas [ 41 ] for iron-chromium alloys and by Tammann 
and Siebel [42 ]for iron-nickel alloys. However, for the lack of any 
definite information about the ?/ork functions of alloys and the complicated 
nature of the mechanism of the oxidation of alloys these results oannot be 
taken as conclusive evidences.
There are several other points in Uhlig* s theory which are difficult 
to accept. Some of these which come within the scope of the present 
investigation will be discussed later.
1.7 Object of the Research
As a continuation of the type of work done by Uhlig and others for
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nickel it was decided to study the oxidation of iron, cobalt and nickel 
in the temperature ranges in which these metals undergo magnetic transform­
ation.
The oxidation of iron at normal oxygen pressures has been accurately 
studied by Davies, Simnad and Birchenall [7] in the temperature range 
400 - 1200°C. They observed the oxidation to conform to the conventional 
parabolic law implying that it is diffusion-controlled. A plot of the 
logarithm of the parabolic rate constant against the reciprocal of the 
absolute temperature has been reported to show no discontinuous change at 
the Curie temperature. Similar results follow for the oxidation of cobalt 
in the temperature range 700 - 1200°C from the work of Phalnikar, Evans and 
Baldwin [9 ]• This is theoretically expected since the parabolic oxidation 
being controlled within the oxide film,it should not show any dependence on 
changes, electronic or crystallographic, occurring in the metallic substrate.
At low partial pressures of oxygen the kinetics of wustite (FeO) 
scale formation on iron has been done by Smeltzer [ 44 ] in the temperature 
range 600 - 1000°C, the oxidising atmosphere being C0^ atmosphere. The 
oxidation rate was observed to be linear and parabolic for short and long 
exposures respectively. The rate-controlling step for linear scaling 
(below 910°C) has been reported as due to the rate of incorporation of 
chemisorbed oxygen into the wtfstite lattice. Here again the Arrhenius plot 
of the linear rate constant against the reciprocal of the absolute
26-
temperature shows no discontinuous change at the Curie temperature. Similar 
results for cobalt have been observed by Pettit and Wagner [4f?] • These 
results show conformity with theoretical analysis in the sense that the 
reaction being controlled at the oxide-oxygen interface is not expected to 
show any dependence on the electronic change in the metal.
On the basis of these results the early stages of the oxidation of 
iron and cobalt at high temperatures, which probably precede the parabolic 
oxidation, could be expected to be controlled by reactions at the metal«oxide 
interface. It was decided to confirm -whether this shows any dependence on 
the magnetic transformation in the metal. In <jhs case of nickel the 
oxidation is logarithmic type in the temperature range 300 - 400°C, the 
Curie temperature being 353°C, Uhlig*s results, discussed above, are based
on 24«hour exposure tests and hence, it was thought worthwhile to attempt 
to study the early stages in the same temperature range.
Some earlier results are those of Selgneurin and Pores tier [4-6 ] 
who have determined the velocity of air oxidation at various temperatures 
for iron and nickel by a continuous weighing technique. In each case, curves 
of relative weight change as a function of temperature at which oxidation 
was accomplished showed positive anomalies without discontinuities in 
the neighbourhood of the Curie temperature* In the present experimentation 
pure oxygen has been used as the oxidising atmosphere and further the 
kinetics have been studied by a different and more direct technique.
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An apparatus designed in this laboratory by Measor [47] for obtaining 
accurate and direct measurements of the kinetics of gas-solid reactions 
was used in the present experimentation. This will be discussed in detail 
in the next section.
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2* E X P E R I M E N T A L  P R 0 C E P U R 1 !
2.1* Introduction?-*
The apparatus used in the present investigation is a Constant
pressure-differential gas apparatus suitable for the study of gas-solid
reactions at constant temperature and pressure. By means of this apparatus
dW
instantaneous reaction rates dt (where ¥ is the amount of oxygen consumed 
per unit area of the specimen in appropriate units and t is the time) were 
obtained. This was achieved by noting the total influx: of and at various 
instants the efflux of gas not used in the reaction chamber of the apparatus. 
At any instant the difference between these two readings gives the reaction 
rate for the specimen, , All the readings of the rate of gas flow were 
obtained from the same Rotameter
2,2. Description and Theory of Rotameter
A brief discussion of the theory will be given here, A more 
comprehensive discussion has been attempted by Measor [ 47] #
A Rotameter (Pigure 1) consists essentially of a stainless-steel 
float which, by means of the grooves cut in the flange, rotates freely in 
a precision-tapered glass tube. The tube is made of borosilicate glass 
and is fixed vertically in a position with the narrow end downwards. It 
is moulded to a tolerance within 0,0.001 in. The instrument is of the area
- 29-
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Principle of Rotameter
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type and different positions of the float in the graduated tube correspond 
to different sizes of the constriction for flow of fluid# The size of the 
constriction varies to accommodate the flow whilst the differential head is 
held constant. The instrument gives consistent flow indications and is 
frictionless. The height of the float in the tube is a measure of the 
rate of flow of fluid but so far it has not been found possible to establish 
by theoretical reasoning an equation which will predict the performance of 
a rotameter with any degree of accuracy. By making use of the principles 
of dimensional analysis certain conclusions have been drawn and a method 
has been devised by Rotameter Manufacturing Company, whereby the experimental 
results can be analysed.
3 -1The quantities involved are • P the rate of flow in cm sec , m 
mass of float in grammes,! and D diameter of float and bore of tube 
respectively in centimetres, f  andC densities of fluid and float respectively 
in gm cm"’^  and r\ viscosity of fluid in poises.
Prom Rotameter design data embodying a large number of experimental 
results covering instruments of all sizes and fluids of vaiying densities 
and viscosities, two cases may be considered for the relationship between 
the flow and the height of the float in the equilibrium position i.e. 
between P and D.
(l) Por certain range of values of ¥,^ ,ri D and d,which for a 
particular fluid and instrument would correspond to cases of high D/^ ratio
ti­
t h e  relationship between F and 33 can be expressed as:
» « 7
/>2
The expression indicates that the calibration of the instrument tends to 
become independent of the viscosity of the fluid and that the force on the 
float is almost entirely due to the impact head. In this case the mass 
rate of gas flow is proportional to the square root of the absolute pressure
of the gas.
(2) For certain other range of values of W, /Sri, D, d, which would
correspond to low D/& ratio the relationship can be expressed as:
■ri d.W F a ____
n
This relation shows that the force on the float is almost entirely due to
the viscosity of the fluid or in other words the viscous drag would make
considerable contribution to the force of the gas on the float. If the
viscosity of the gas may be considered to be independent of pressure, the 
3 -1
scale range in cm sec would be independent of pressure and the range of
mass rate of flow would be directly proportional to the absolute pressure.
The instrument used in the apparatus is 1.6 mm in diameter and
approximately 0.02 gm in mass. The scale range is graduated from 0 - I4 cm.
Following the theory of the Rotameter, the lower half of the instrument would
correspond to low D/ ratio and hence pertain to case 2, discussed above.
d
Ifere the viscous drag of the fluid may be expected to make a significant
contribution to the total force on the float. In the upper half of the
instrument, which would correspond to higher D/.^  ratios, the impact force
may be more predominating than the viscous drag. This would be reflected
in the calibration curve for the range of the instrument. In the latter
case the range of mass rate of flow of oxygen at a pressure of 76 mm Hg
*»1absolute would be 90^ - ~ 9036 gm min • As a result of taking into 
consideration the effect of viscosity force the range of mass rate of flow 
of oxygen would be reduced below these figures and the extent of the 
reduction will depend on the contribution made to the total force by viscous 
drag. The sensitivity of the instrument at a specified pressure may be 
defined as the number of measurable divisions the equilibrium point is 
displaced for a change in mass rate of flow of lp. gm min « Assuming
a measurable division as 0#1 mm the sensitivity for the pressure of 76 mm
• 1400 -1
Hg absolute would be^Q^g 9ozT ^ ^  m^n * sens^^-v^ r increases
as the pressure of the gas decreases.
A practical difficulty in applying the theoretical calculations to
instruments of similar size arises because of the lack of exact similarity
of surface finish and rotation flutes on the float. In practice actual
calibration with the fluid under the conditions of the experiment is necessary.
**33"
2*3 Apparatus:
Pigure 2 is a schematio representation of the apparatus* G^ and
&2 are two gas reservoirs made of brass and each of capacity of about
12.5 litres. These ensure the pressure of the gas in the apparatus
to be practically constant in spite of sudden consumption by the specimen.
Oxygen from the oylinder passes through the filter P containing a stainless-
steel disc of porosity If. It is also purified in the filter by soda
asbestos and magnesium perchlorate. The purified gas enters the gas
reservoir G- through a needle valve VL which is opened at a predetermined 
1 i
figure. The gas stream as it oomes out of G^ has two possible routes.
It can pass through the rotameter R into G-^ or it can enter the furnace
tube L through the diaphragm valve S-^ . Valve V^ maintains the efflux of
gas from the apparatus by means of the pump P. P is a single stage,
rotary, high vacuum pump capable of attaining ultimate vacuum of 0.005 mm
Hg and with a displacement at normal speed of 48 litres/min. S is a
3
diaphragm valve which serves the sames purpose as Vg and is used only for 
evacuating the apparatus. In the normal working of the apparatus it is 
always closed. The diaphragm valve Q independently connects the furnace 
tube to the pump P. Any required gas such as hydrogen or argon can be 
admitted in the furnace tube and taken out when required. Manometer M, 
range 0 - 30 cm, indicates the pressure of the gas in the apparatus.
The furnace C is a horizontal type heated by four equally spaced
,w 34-
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silicon carbide rods and has an effective heating length of 6 in* The 
temperature in the heated zone was controlled by a saturable reactor control 
unit to within i 1°C?. The thermocouple used in the measurement was a 
platinum-platinum rhodium thermocouple which has a temperature range of 
0 - 1400°C.
Brass tubing was used to connect all parts of the apparatus and was 
rigidly supported wherever possible to minimise the vibrations of the pump 
reaching the rotameter* Minimum amount of vibrations in the apparatus is 
an essential requirement for accurate and reliable measurement* The 
rotameter was sealed at the ends with the brass holders by means of a 
special wax which ensures tight sealing to a glass-metal contact*
The furnace tube used was aluminous procelain ("Pythagoras”) of 
nominal bore 1 in* and 30 in* long* It was connected to the apparatus 
by means of a flanged brass cylinder which fitted closely round the tube 
for a length of about an inch* The open end of the cylinder is shaped 
to retain an elastometer 0-ring which fits tightly round the tube* A 
brass mating ring designed to make metal to metal contact with the open end 
of the cylinder is bolted to the flanged end of the fitting thus ensuring 
a vacuum-tight sealing arrangement. A similar fitting, fixed with a 
diaphragm valve, was used on the other side of the tube. The required 
atmosphere like hydrogen or argon was introduced through this valve.
-36-
For a setting in which St, S0j are closed Y  9 Y  are opened at
1 2 3 1 2
suitable (predetermined) figures and with the required pressure of gas in
the apparatus, the total amount of gas coming out of G-^  will pass through the
rotameter* This is taken as the reference flow rate of the apparatus. At
constant pressure the value of the reference flow rate remains practically
constant as long as the valve settings Y n , Y  are not altered. With S_
1 2 1
opened and with a specimen in the hot zone of the furnace tube the gas 
stream would divide itself into two possible routes depending upon the 
relative quantities of gas consumption by the specimen and the reference 
flow rate of the apparatus. This factor determines the size of the specimen 
required at any particular temperature.
Calibration of the Apparatus 
The apparatus has been calibrated for oxygen at 76 mm Hg absolute.
The method of calibration is as follows:
With closed the final pressure is kept a little in excess of 76.25 mm.
V2 is then opened to give a predetermined instrument reading. The time
taken for the pressure to fall from 76.25 mm to 75.75 mm is noted and during 
this time instrument readings correct to 0.1 mm are taken at intervals by 
means of a cathetometer. The mass rate of flow is calculated for the mean 
instrument reading. Y ^  3-s then closed and is opened and the procedure 
is repeated a sufficient number of times at different mean instrument
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readings to enable an accurate calibration curve to be drawn. The mass
rate of flow in micrograms per minute is given by
0o5 x y x 288 x 14-29 
760 21 t x T
? 1
where v is the volume in cubic centimetres of upstream of the apparatus, 
t is the time taken in minutes and T is the temperature of the gas in °K.
The calibration curve is shown in figure 3,
2*5 Procedure
1, Iron:-
The material used was spectrographically pure. The preliminary 
experiments on iron were carried out without removing the air-formed film 
on the specimen. Each specimen was pushed by a brass rod into the hot 
zone when’ the temperature of the furnace had attained steady conditions.
The brass rod, was fitted into a vacuum-sealing arrangement which ensured 
that no air could enter the furnace tube. The oxide formed in these tests 
showed ’’blistering’’ effects. Large amounts of higher oxides were also 
present. This was apparently due to the presence of the air«formed film 
on the specimen and the rapid heating to'which the specimen was subjected. 
The oxide which forms on iron at room temperature is largely 
whereas the stable oxide in the temperature range of the investigation 
is 3?e0 [7]. The presence of an air-foraied film would obviously tend to 
impose a lower oxide on the higher oxide£ This is the reverse of the
order of the. oxides observed on iron [7]* This condition along with rapid
-39-
haating of the specimen to the temperature of the test could he causes 
for blistering effects. It was then decided to use hydrogen reducing 
treatment [800°C for 2 hours] to remove the air-formed film on the 
specimen. This also avoided the rapid heating period as the specimen 
was constantly in the hot zone. The oxide obtained with these specimens 
was compact and uniform implying that the hydrogen reducing treatment was 
effective in removing the air-formed film. Under these conditions the 
oxide formed at high temperatures should be the one which is stable in 
that temperature range [EeO]. Erom hereon it was necessary to develop a 
technique to obtain early readings so as to study the initial stages of 
oxidation prior to the onset of diffusion-controlled process.
Specimens were out from speotrographioally pure iron sheets 0.5 mm.
2
thick, x 2 cm* wide of areas ranging from about 8.5 cm for 700 0 to about 
21.5 cm for 870°0 so as to give a large initial float deflection. The 
dimensions of the specimen were accurately measured by means of a 
micrometer. It was degreased by washing first in sodium carbonate 
solution and then in benzene. It was then washed in alcohol and the 
■surface was prepared as uniformly as possible by means of a fine polishing 
paper (4. grade). It was rewashed in alcohol, dried and then introduced 
into the furnace tube at room temperature. The furnace tube was evacuated 
and hydrogen was admitted. The temperature of the furnace was raised 
slowly to about 800°C and the specimen -was given a reducing treatment for 
about two hours. Eresh hydrogen was introduced at frequent intervals.
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After evacuating hydrogen from the furnace tube and with the temperature 
remaining steady at the predetermined figure, oxygen was admitted from the 
reservoirs into and out of which purified oxygen flowed at a ra.te equivalent
:z «=>1
to about 3 cm. min at atmospheric pressure. Prior to admitting oxygen
to the furnace tube more oxygen was admitted to the reservoirs to
accommodate the resulting change of pressure so that the working pressure
remained practically at 76 mm. Hg absolute. As soon as conditions were
steady, which may be after 40 seconds or less, instrument readings were
taken to an accuracy of 0.1 mm. using a magnifying glass. At the end of
about two minutes the reference flow rate was obtained. At any instant
the instrument reading gives the amount of gas passing from G-^ to G-^ .
Hence the reference flow rate less the instantaneous instrument reading
(values of both these readings being converted from the calibration curve 
'“Iin (igm min” ) would give the instantaneous reaction rate for the specimen. 
On dividing this by the surface area of the specimen, as determined from 
its dimensions at room temperature, the instantaneous oxidation rate is
«2 cdX
obtained in p.gm. cm min . In oxidation experiments surface roughness 
of the specimen has been reported as a factor which affects the oxidation 
rate to some extent. In the present investigation the procedure of 
preparing the surface was the same throughout the whole experimentation. 
Hence, the roughness factor has been assumed to be practically constant.
Afc a particular temperature a minimum of four determinations were
made with the first reading taken at about 30 “ 40 seconds. Correct 
specimen size is one of the important prerequisites to obtain an early 
reading for any test. Too large or too small a specimen size tends to 
make the deflection of the float either too big or too small for the 
instrument scale. It was on this account that a large number of tests 
did not give any conclusive results. It was possible to perform only 
one test each day as it is very difficult to introduce the specimen into 
the furnace tube (heated, due to the previous experiment) without the risk 
of pre-oxidising it and also causing thermal shock to the tube. Pour 
good determinations at one temperature often showed a reproducibility of 
• 5/a. In the neighbourhood of the Curie temperature the isotherms have 
been obtained at an interval of 5°C. In the next section the results 
have been discussed by giving the analysis of a typical isotherm and the 
Arrhenius plot for the temperature range of the investigation. All the 
temperatures for which the determinations have been obtained are shown in 
a tabulated form at the end of the chapter.
2. Cobaltr-
The material was of spectrographic purity in sheets of 2 cm. wide
x 1 mm. thick. The specimen size varied from about 1.0 cm? at 1175°C
2
to about 6.0 cm. at 975 C. The procedure of degreasing and surface 
preparation ??as the same as that used for iron. In the preliminary 
experiments the hydrogen reducing treatment to remove the air-formed film 
was continued up to the temperature of the test as it was done for iron.
The oxidation rates for these specimens were found to be abnormally high 
and showed marked discrepancies when compared with the actual increase in 
weight determined after the test* The discrepancy was attributed to 
adsorption of hydrogen, by the material which would reaot violently with 
oxygen at high temperatures* The difficulty was overcome by performing 
the hydrogen treatment at 700°G for ij- hours and this was follo¥7ed by 
bringing the temperature of the specimen up to the temperature of the 
test in an atmosphere of argon. The method of taking the kinetic measure^ 
ments was the same as that for iron* Pour determinations with early 
readings were obtained for each isotherm. These showed a reproducibility
of « 5$. The experimental data have been displayed in similar fashion as
for iron. The temperature interval for the isotherms in the neighbourhood
of the Curie temperature is 5°C*
3« Nickel;«»
Some preliminary experiments have been carried out for nickel. The 
r«afe
oxidation/of nickel is vexy low in the neighbourhood of the Curie temperature. 
Hence, a more refined apparatus (similar in design to the one described ■ 
above) was used at low oxygen pressure (7 mm Hg absolute) to increase 
the sensitivity of the instrument. The calibration of the apparatus at 
low pressures is a difficult task as small changes in pressure amount to 
an appreciable percentage of the total pressure and consequently the flow 
rate of the gas is affected. The values of the flow rates obtained for 
some instrument readings did not give consistent results. It was decided
tc use the lower values of the instrument scale for reference flow rates.
The calibration in this range was assumed to be linear and the deflection
of the float 011 the scale from the reference flow rate -was taken as the
measure of the oxidation rates. Since the maximum deflection of the float
in an actual test was about 0.5 cm, the assumption of 0. linear type
calibration seems justified. A low reference flow rate also tends to
increase the deflection of the float on the scale. The specimen size was
2
kept constant for all the isotherms £400 cm.]. The specimen was made in
the form of a foil 7 cm. x 30 cm. x 0.015 cm. Even with this specimen
size the float deflection at the end of 5 minutes was of order of 0.5 cm.
It was desirable to increase the specimen size to obtain larger float
deflection. The width of the specimen could not be increased very much 
beyond 7 cm. as part of the specimen would lie towards the end of the hot 
zone in the furnace tube. This would result in a temperature gradient 
in the specimen which is undesirable. The length could not be increased 
beyond about 30 cm. as the different portions of the foil showed tendencies 
to stick together as a result of the high temperatures used in the hydrogen 
treatment. The material used was of commercial purity as large specimens 
of speotrograpliic purity become exorbitantly expensive. The hydrogen 
reducing treatment was performed at 1000°C for about !•§• hours and then 
the tube was evacuated and kept at low pressure for about ■§■ hour. The 
furnace tube was then allowed to cool down to the temperature of the test 
in an atmosphere of argon. The manner of conducting the test was similar
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to that for iron and cobalb except for the fact that the readings were 
taken for about 20 minutes from the start of the react! on at an Interval 
of about 1 minute. The movement of the float at low pressures (7 mm. Hg 
absolute) was observed to be rather sluggish and the first reading ¥fas 
obtained after about 3 ” 4 minutes* This sluggishness of the float was 
not much of a disadvantage as it caused the float to be more stable when 
once it had settled down at a particular figure on the instrument scale.
A magnifying glass was used to read the instrument in the earlier experiments. 
This was improved upon by the use of a travelling microscope capable of 
reading to 0.01 mm. Use of the travelling microscope appears to be the 
answer to read the small float deflection in case of nickel.
'2.6. Advantages of the Apparatus
The various methods for measurement of reaction of oxygen with 
metals are;«
(1) . (Gravimetric.
(2) Manometrie.
(3) Volumetric,
(4) Electrometrico
(5) Optical,
In all these methods, though the sensitivity can be developed to
a high degree, the approach towards the study of an oxidation isotherm
Is in the conventional fashion. The values of A W  (increase in weight in 
appropriate units) orAx (increase in film-thickness) are determined after
successive periods of oxidation and hence, they can be classified as 
integral rate methods* For the study of the kinetics of a reaction 
a more direct approach would be the differential rate method or the 
determination of instantaneous reaction rates (^Vdt). This was achieved 
by using the method described above» Further in this method the 
measurements being purely on the gaseous side unlike gravimetric, electro** 
metric and optical, there appears to be a natural advantage to apply* it 
to an accurate and continuous study of the early stages of oxidation at 
high temperatures where there is a rapid, onset of oxidation. It has 
been applied with success to the initial stages of the oxidation of cobalt 
up to 1200°C. It has also showed good promise for the study of the 
growth of thin films on nickel at moderate temperatures (300 •» 400°C).
2.7• Discussion on the Methods for Examination of Oxides
In oxidation studies the examination of the products of oxidation 
provide complementary information to the measurement of the oxidation rate. 
The various methods for the examination of the oxidation products are:
(l) Electron Diffraction.
(2.) X-ray Diffraction.
(3) Microscopic Examination [Optical or Electron].
(k) Chemical Analysis.
Electron diffraction technique is used for the identification 
of oxide films and a study of the texture of the films. It is applicable
for the study of thin oxide layers. The examination oan he done either
by the reflection method or the transmission method. In the reflection
method the oxide can be studied as it is present on the oxide and hence,
it is applicable to oxide layers on lump samples. It can be used for
studies not only at room temperature but also at the temperature of
formation of the film after successive periods of oxidation. The
transmission method is normally applied to oxide films up to a few 
o
hundred Angstroms in thickness and is normally used for study at room 
temperature. It can also be used at the temperature of formation of 
the film if the metal sample is sufficiently thin.
X-ray diffraction method is.suitable for thicker films. Oxide 
films which are still attached to the metal can be studied by glancing 
angle and back reflection techniques. Stripped films can be examined 
by the powder method.
In the present investigation on iron and cobalt the oxide film 
formed in the initial period of.two minutes are too thick to be studied 
by electron diffraction method and hence X-ray diffraction technique appears 
to be a more suitable method of study. However, the oxides formed 
[FeO, CoO] revert to higher oxides when cooled to the room temperature.
The e^tectoid decomposition of FeO has been the subject of investig&ion 
by several workers [7]. ln several investigations the oxide formed 
at high temperatures have been retained by various methods like rapid 
cooling and then studied. However, the present investigation is mainly
~42e—
concerned with the initial stages of oxidation when possibly reactions 
at the aetal-oxide interface like ionic transfer and electronic transfer 
are Important, Hence, the only conclusive examination of the oxides 
by X-ray method would be by observation”in situ”. This would be 
possible only by a high temperature camera work and could well be a 
field for further research. By the same reasoning microscopic examination 
or chemical analysis appear inadequate to furnish any conclusive results. 
Hence, in the present investigation the emphasis has been placed on the 
measurement of reaction rates.
In the case of nickel the oxide formed in the temperature range 
around the Curie temperature is HiO which is stable up to room temperature. 
The oxidation rate of nickel in this temperature range is very low and 
the oxide film formed in the initial period would be sufficiently thin 
for electron diffraction work. X-ray or electron diffraction work even 
at room temperature [cooled specimens] may prove fairly fruitful in giving 
some information about changes occurring, if any, in the oxide.
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3. RESULTS AND DISCUSSION
3*1 Iron
First it is necessary to establish the rate equation for the
observed oxidation. Figures k - 6 show the results of a typical isothermal
study (87G°C) plotted with different functions of as ordinate and t
as abscissa. In Figure k with df/^ as ordinate, the relation appears
~2to be exponential# In Figure 5 is ordinate to show conformity
dt
or otherwise with the parabolic relation observed by Davies et al. [7] •
The apparent deviation which occurs in the early stages is not definitely
confirmed in Figure J , which shows the relation between W and t. However,
the validity of this plot is a little uncertain since the values of W were
obtained from Figure k after extrapolation to t = o# From Figure 6, where
d$/_. 3-s ordinate, the plot is seen to be consistently linear as a 
10 dt
two-stage growth with a continuous transition region# The slope of the 
first stage is higher than that of the second. The rate equation may be 
represented as
df/^ = k exp (~k*t)    . (l)
where k is the reaction rate constant. This, strictly speaking, is an 
asymptotic equation but for small values of t the asymptotic and direct 
logarithmic equations become experimentally indistinguishable [kB] • Hence, 
the rate equation may be expressed in the more established form (direct
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logarithmic) as:
d k. exp (-k*W), . . . . . . * • ♦ (2)
where t a o, w = o and hence,
ss k. (3)
Thus the initial reaction rate obtained by extrapolating the first stage
of the plot, Figure 6, to t = o is taken as the rate constant of the
reaction. The final value of log k for each temperature is the mean of
10
at least four results, and corresponds to a reproducibility of -
The plot log^k against l/^ (T is the absolute temperature)^Figure 
8>is continuous as a cusp which rises to a sharp peak at 755°C. The 
activation energies for oxidation above and below the Curie temperature 
are 33* 100 and 21,700 calories/mole respectively. These values are in 
sufficiently close agreement with the corresponding values 31*500 and
20,000 calories/mole which were obtained by plotting log^k/p against l / ^
[k in equation 3 contains the term T exp("^/FT) where- AE is the activation 
energy for the reaction]. The point of intersection, Figure 8, is at 
about 900°C which is very nearly the p-y transformation temperature. The 
evidence of continuity indicates that a single rate-controlling step is 
operative in the temperature range of the plot. A marked change in the 
activation energy due to the magnetic transformation in the metallic 
substrate points to control of the non«parabolic oxidation at the metal-oxide 
interface. The most significant change occurring at the Curie temperature
®/at
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is an electronic transition in the metal. Further, the oxide formed in 
the tempera,ture range of the present investigation is a p-type semiconductor 
with an unusually high percentage of lattioe vacancies (vacant cation sites) 
and grows almost entirely by cation diffusion [7] • Hence, from the 
observed magnitude of change in the oxidation behaviour at the Curie 
temperature, it appears that rate of electron transfer from metal to oxide 
at the metal-oxide interface is the rate-controlling step*
Awberry and (Griffiths [49] have reported the peak in the specific 
heat curve for iron in the magnetic transformation temperature range to be 
at 755°C and the effect of the transformation to be spread over an appreciable 
temperature range on either side of the peak* Further, iron is one of the 
ferromagnetics from the transition series where the magnetio carriers are in 
unfilled d bands and contribute to the Fermi surface [50 ] • The saturation 
moment per atom in units of jiB is non-integral and the contribution of 
orbital momentum is small. Hence, according to the rigid band model for 
iron the electronic specific heat data cannot be considered separately from 
the magnetisation data [51] .  The specific heat value for iron, for the 
purpose of present discussion, is made up of the following parts:
(i) Lattice vibration term ( O  which remains practically constant.
(ii) Thermal expansion term (C -C ) which is small and can be neglected.
p v
(iii) Electronic specific heat (C0) which includes the specific heat due 
the magnetio transformation.
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At higher temperatures and especially for ferromagnetics the 
electronic specific heat is a complicated function of the density of 
electronic states at the Fermi surface [51 ] * However, the change in CQ 
in the magnetic transformation temperature range may still "be expected to 
give a measure of the change of the density of electronic states at the 
Fermi surface [N(Eg,)] • A  change in N(Eg,) would, in turn, affect the 
thermionic emission of electrons! an increased density increases the rate 
of emission and vice versa. Cardwell [52] , from photoelectric studies, 
reports no significant change in the work function of iron as it transforms 
from the ferromagnetic (a) to the paramagnetic (j3) condition. However, 
he reports a significant change in the rate of emission of electrons, which 
is attributed to a change in the number density of free electrons, and the 
transition-probability factor for an electron. Seemingly from Figure 8, the 
rate of oxidation varies directly with ir(Eg,).
In the neighbourhood of the Curie temperature a change in N(Bgi) can 
be expected due to loss of magnetisation. An approximate calculation of 
N(Ej,) vs T (T~temperature) has been done on the basis of the saturation 
magnetisation curve for iron [53] (Figure 9) and N(e) vs E curve (Figure 10), 
the latter being taken from Wohlfarth and Cornwell [54] * From the shape 
of the curve, Figure 11, it follows that there is a significant change in 
[h(Ej,)] vs T curve in the neighbourhood of the Curie temperature. Below 
the Curie point there are two portions for the curve, one for each ’’spin
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direotion" whereas above the Curie point there is only one portion correspond**
ing to the paramagnetic condition* Figure 11 applies only to 3cL band of
iron, however, from the point of view of thermionic emission of elections
the other Fermi electrons, 4s electrons, should also be considered. It is
now an accepted point that 4s electrons in iron carry a negative moment
(»0.2(iB) [55] which is termed as the polarisation of the 4s band due to the
magnetisation of the 3& band. This magnetic moment of 4s band is lost^or
nearly so^above the Curie point and hence for the temperature range below
the Curie point a similar splitting can be expected for 4s band as it is
for 3& band. As far as the author knows no quantitative information is
available about this. These changes in 33- and 4s band could explain the
observed sharp change in the oxidation rate at the Curie temperature. The
oxidation rate of iron at the Curie temperature is of unique value and further,
significantly or not, the ratio of the theoretical oxidation rates k : k
1 2
(Figure 8) is 2:1. Higher oxides, the formation of which is apparently 
connected in some way with the magnetic transition, were observed in the 
temperature range 740 - 840°C. However, they were not observed in the 
initial oxidation period considered in this investigation in which FeO 
is formed.
tfhligfs [25] view is that the magnetio transition in the metal should 
affect the initial oxidation rate. In support TJhlig et al. [19 ] have 
reported a sharp discontinuity in the oxidation rate of nickel at the Curie 
temperature. It is not clear how a sharp discontinuity could exist m  the
-56-
oxidation rate if the magnetio transformation is a second (or possibly 
third) order transformation (Darken [56 ]).♦ The preliminary experiments 
carried out with nickel do bear out this fact or in other words, the oxidation 
rate plot appears to show a cusp in the neighbourhood of the Curie temperature. 
However, it does appear in the present investigation, in agreement with 
Uhlig's theory, that the oxidation mechanism involves electrical space** 
charge effects which influence the metal-oxide interface reactions. The 
maximum film thickness in this investigation, calculated for the first stage
Q O
at 870 C, is 150,000 A. Although this is much higher than the maximum 
in Uhligfs model it does not seem inconsistent in view of the fact that 
Tylecote [15] has reported the persistence of logarithmic oxidation of Copper 
(350 - 550°C) up to a film thickness of the order of 10^ A. This logarithmic* 
oxidation region has been shown to precede the Wagnerian-parabolic oxidation. 
All the results in Figure 8 are based on the first-stage growth. The 
second stage has not been rigorously studied and accordingly the observed 
two-stage growth is not by any means compared with that described in UhligTs 
model. The second stage, as it appears from Figure 55 is probably the 
onset of parabolic type oxidation.
Uhlig [25 ] lias applied the Rideal-Jones equation [57] > in its 
modified form, to the oxidation of metallslike nickel, copper, tantalum which 
form non-volatile oxides. It has been applied to both the stages of
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logarithmic oxidation described in Tihligfs model* The modified egression 
is shown as:
A ®  = 0 - Xi +[ X - ( # +  fS )]. . . .........* (4)
° J- 2 a e
whereA® is 't*16 activation energy for oxidation, is the electron-work
function of the metal, x- and x are the work functions of the oxide at
1 2
the metal-oxide and oxide-oxygen interfaces respectively, Cf is the
e
electron affinity of oxygen (t= 3*4 eV from Latimer) [58] and $  is the
a
small additive energy introduced by adsorption of oxygen on the oxide. It
has been shown that the term + & )  is constant and approximately equala 6
to 3.6 eV. TJhlig claims that the electron affinity of oxygen is independent 
of the oxide-film thickness and can be regarded as the apparent positive 
potential induced at the metal-oxide interface. Fromhold[59] considers 
that the electron affinity of oxygen adsorbed on the oxide cannot influence 
the emission of an electron at the metal-oxide interface for oxide film 
sufficiently thick that an electron cannot penetrate it in one-step process 
(quantum-mechanical tunnelling or field emission etc). This obviously 
limits, in his opinion, the application of equation (4) to film thickness 
less than about 50 A. However, in the present results the equation (4) 
has been found to hold fairly 7/ell. The work function of iron at 572°C, 
on the basis of photoelectric studies, has been reported by dardwell [52] 
as 4*65 eV. Substituting this and the value of the activation energy for 
oxidation belov/ the Curie temperature (= 0.94 eV) in equation (4) we get
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0.94 = 4*65 ** K where
K =s fx « x + ( 0 f + g ( ) ]
1 2 °* e
*
• • K s 3.71 eY
. . x *2 x because (jZf + fif ) 3.6 eV.
1 2 . v/a ^
This is in reasonable agreement with the value of K quoted for the first 
stage in Uhlig's model. The activation energy for oxidation increases by 
11,400 calories/mole 0*5 eY) as iron transforms from ferro- to paramagnetic 
state without any appreciable change in the work function. The change in 
the activation energy is probably due to the change in the entropy of Fermi 
electrons in the metal.
According to Bardeen [6ol the strength of the electrical double layer 
at a metal-semioondictor contact is governed by the electrochemical potential 
of the conduction electrons in each of the two conductors. For iron the 
entropy change on going through the Curie point will be approximately Nkln3 
(N“Avogadr^, s number, k~Boltzmann constant) with some smaller additional
term due to a change in the Fermi surface [6l] • The change in entropy,
and consequently a change in the electrochemical potential, of the Fermi 
electrons would influence the strength of the electrical double layer at 
the metal-oxide interface. The change in strength of the double layer 
would probably account for the difference in the activation energy for 
oxidation.
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3.2. Cobalt
Figures 1 2 - 1 4  show the way in whioh the readings for a typical
isotherm (1175°0) have been analysed to establish the rate equation.
From Figure 12, the relation between dW/^ and t appears to be exponential.
“2
Figure 13 which shows the relation between (3S7/ ) and t points out
ClC
that in the initial stages there is deviation from the parabolic law.
The linear relation between log df/ and t, Figure 14, establishes that
10 dt
the initial oxidation of cobalt obeys asymptotic type equation
(indistinguishable from the direct logarithmic for small values of t [48]
as is the case for the present invesitgation). hence the rate equation
may be expressed as;
(dw/dt)= k. exp (~k w). • • . . .  . . .  (5)
where k is the reaction rate constant and k is an arbitary constant.
where t = o, w = o and
(c0/?/4|^.) = k. . . .  . . .  « . «
t = o
Thus the value of the rate constant of the reaction for each
temperature is obtained in the same way as it was done for iron. The
final value of log k for each temperature is the mean of at least four
10
results and corresponds to a reproducibility of - 5^* Similar to iron, 
the observed oxidation at any temperature shows a two-stage growth, the 
slope of the first stage being higher than the second (Figure 14). The
- 60-
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thickness of the oxide formed at the end of the first stage at 1175 C is 
calculated as 220 *000 £.
The plot of log k against l/^ (T is the absolute temperature),
Figure 15, shows a sharp peak at the Curie temperature (1121°C) and a 
discontinuity at 1175°C. The activation energies for oxidation above and 
below the temperature range containing these two discontinuous changes are 
35jOOO and 22,000 calories/mole respectively. The corresponding temperature- 
corrected values of the activation energies, obtained by plotting log 
against l/^ ,* are 30*250 and 19*400 calories/mole indicating that the 
activation energy is fairly temperature-independent.
The oxide formed in the temperature range of the present investigation 
(CoO) is a p«type semiconductor and grows predominantly by cation diffusion 
[62]. Tfence, from the observed magnitude of change in the oxidation 
behaviour at the Curie temperature it appears* as for iron, that the rate- 
controlling step for the reaction is the rate of electron transfer at the 
metal-oxide interface.
In the neighbourhood of the Curie temperature the oxidation rate plot, 
Figure 15* appears to follow closely the specific heat versus temperature 
curve. Further, the magnetio carriers in cobalt contribute to the Fermi 
surface feott [5o])and hence, using the same argument as for iron, the 
electronic specific heat change in the magnetic transformation temperature 
range may be expected to give a measure of the change of the density of 
electronic states at the Fermi surface [n (32L)] • Thus the dependence of
k/ 
10 T
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the initial oxidation rate on the density of electronic states at the 
Fermi surface which was observed for iron has been supported by the results 
for cobalt. N(e ), density of states, Vs E, energy, curve for the d band 
of cobalt has not been calculated so far. Hence, the approximate shape 
of N(Ep) Vs T (Temperature) curve in the neighbourhood of the Curie 
temperature cannot be calculated. As for iron, 4s band in cobalt is also 
associated with a negative moment (-0.3 (J3) [55]. The combined effect of 
the changes taking place in 3d and 4s band due to loss of magnetisation, 
would probably account for the sharp change in the oxidation behaviour at 
the Curie temperature.
At this stage an analysis of the discontinuity at 1175°C in the 
oxidation rate plot is warranted. Metcalfe [63] on the basis of the 
results of Marick [64] states that there is an allotropic transformation 
in cobalt at or near the Curie temperature where it reverses from face- 
centred cubic to the low-temperature stable close-packed hexagonal form. 
Newkirk, Geisler [65] question the reappearance of c.p.h. form at high 
temperature (at least up to 1223°C) and hence, the possibility of an 
allotropic transformation existing at or near the Curie point is a 
controversial point. The experimental evidence obtained in the present 
investigation does tend to support the former claim. The argument for 
this is as follows:
Starting with the basic premise that rate of electron transfer across the
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metal-oxide interface is the rate-controlling step for the observed oxidation, 
a sharp discontinuity in the oxidation rate is indicative of an electronic 
change in the metal at 1175°C«| Further there is a continuity of state 
observed in the oxidation rate plot, (Figure 15), which is shown by the 
fact that the point of intersection "a” is at the temperature of discontinuity 
(1175°C). A similar continuity of state has been observed in the oxidation 
rate plot for iron (Figure 8), An allotropic change in the metal should 
indicate itself as a discontinuity in the specific heat versus temperature 
curve. The specific heat curve for cobalt [66] rises sharply as it 
approaches the Curie temperature but apparently there are no experimental 
determinations for a temperature range about 1100-1190°C, The curve has 
been indicated to contain one single discontinuity in this temperature 
range. However, there could possibly be a peak at the Curie temperature 
(ll21°C) and another sharp discontinuity at 1175°C.
As for iron, the oxidation mechanism for cobalt does appear to
involve electrical space-charge effects which govern the rate of electron
flow at the metal-oxide interface. The thickness of the oxide film for
which the logarithmic equation has been confirmed is of the order of 
o
220,000 A, Similar results have been observed for iron. These two 
experimental evidences encourages the author to propose a modification to 
Uhligls theory. Uhlig assumes that at any instant the electrical space- 
charge due to the trapped electrons in the oxide extends over the whole of
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oxide film. This may not be the correct picture. In oxidation at high
temperatures it may be possible that there is a considerable lag between
the growth of the space-charge region in the oxide and that of the oxide
film itself. In the time interval during which the oxide film thickens 
5°to order of 10 A , the space charge in the oxide around the metal-oxide
4 0interface would probably advance to about 10 A. Further, in Uhlig’s 
theory the possible space-charge effects at oxide-gas interface due to 
chemisorption of oxygen on the oxide are not considered. The electric
charge at the oxide-oxygen interface has been assimed to be constant for 
constant partial pressure of oxygen and the changes in Volta potentials 
observed during the oxidation of zinc and copper have been attributed 
entirely to changes in the space-charge region at the metal-oxide interface. 
However, Weisz [67] has pointed out that the resulting electronic 
boundary-layer phenomena due to chemisorption of oxygen on solids is closely 
analogous to those occurring at metal-semiconductor contact, A similar 
view is expressed by Hauffe [68] for gas reactions on semiconducting 
surfaces. On the basis of these views the physical picture of the growing 
oxide film can be visualised as the one in which there is a negative 
space-charge region at the contact of the oxide with the metal, an electro­
positive element? the bulk of the oxide is almost electro-neutral with 
possibly a positive space-charge region at the contact of the oxide with 
oxygen, an electro-negative element. Each space-charge region is probably
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in the form of a diffuse layer in which the charge density is greatest at
the interface and falls asymptotically to zero inside the oxide. This has
been shown schematically in Figure 16. The modification to Uhlig's
model would explain the persistence of logarithmic type oxidation up to film
5 0thickness of order of 10 A as has been observed for iron and cobalt
in the present investigation. The logarithmic type oxidation probably
persists till the stage when the negative space-charge at the metal-oxide
interface grows to its equilibrium length. This length has been assumed 
4 0to be about 10 A on the basis of the length of the space-charge region 
for equilibrium at metal-semiconductor contacts [60]. The model of the 
mechanism of oxidation at high temperatures outlined in Figure 16 would 
partially explain the objection raised against Uhlig’s model that ionic 
transport is totally ignored in his model. The effect of the ionic 
transport through the oxide on the negative space-charge in the oxide has 
got to be considered. A possible explanation is that the negative 
space-charge can persist at the metal-oxide interface even though the oxide 
contains a large number of mobile positive metal ions as most of the moving 
ions would probably be accumulated in the positive space-charge region at 
the oxide-gas interface and in the bulk electro-neutral phase. However, 
no exact mechanism for easy ionic transport can be offered.
The value of the activation energy for oxidation of cobalt below its 
Curie temperature (l.O eV) has been found to obey the modified form of the 
Rideal-Jones equation. The value of the work function of cobalt at 800°C
-70-
(maximum temperature for which this data is available) is 4.4 eV. [69]# 
Substituting the values in equation (4)*
1*0 = 4*4 - K where E = [x - x + (0 + ^ )]1 £ a e
K = 3.4 eV
For iron the value of E was observed to be 3*71 eV. The valne of
for cobalt is not available for the paramagnetic state of cobalt and hence
the equation cannot be applied. However, on the basis of the physical
continuity of the plot it is expected that there is no significant change
in the work function of cobalt up to 1175°G. There may be a discontinuity
in the value of at 1175°C corresponding to the discontinuity in the
plot, Figure 15. At this stage it seems worthwhile to suggest a correlation
between the equation (4) and the model of oxidation suggested in Figure 16.
The term [ jfQ - x^] can be conceived to correspond to the electrical
double layer at the metal-oxide interface, [x^ - (4  +4' e)] would then
naturally correspond to the double layer at the oxide-oxygen contact.
At an intimate contact of an oxide with metal or oxygen, such as would
exist in the chemical growth of the oxide on metal; separate work functions
for surfaces like metal and oxide have no real meaning. The activation
energy for oxidation is given by the energy changes experienced by an
electron in passing through the two electrical double layers.
/ /
The ratio of the oxidation rates k^ : k^ in Figure 15 has been 
observed to be almost 2;1 as it was observed for the theoretical oxidation
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rates at the Curie temperature of iron* It is not possible at this 
stage to elaborate upon its exact significance•
The results for iron and cobalt have been discussed mainly from 
the point of view of Uhligfs theory. Considering the film thickness 
studied and the temperature range of investigation, only certain points 
in Uhlig's theoiy appear compatible with the present results*
For the purposes of discussion only the analysis of a typical 
isotherm and the Arrhenius plot for the temperature range of the 
investigation were presented for each metal* The tabulated results 
in the following sub-section show all the temperatures for which 
determinations have been done and the mean values of the rate constant, 
k, with the corresponding values of log^k*
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3*3« Tabulated results
1. Iron
Table I
The value of the rate constant, k is the mean of four 
determinations with a reproducibility of « 5/°<>
0
Temperature C Mean value of the 
rate constant, k, 
in [Jgm.cm” , min°
log k 
10
700 562.3 2.7500
710 623.7 2.7950
720 716.1 2.8550
730 776.2 2.8900
740 891.2 2.9500
745 1071.5 3*0300
750 1161.4 3.0^50
755 1333.5 3.1250
760 1083.9 3.0350
765 1047.1 3.0200
770
L
933*2 2.9700
Continued,.,.
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Table I (Continue &)
0
Temperature C
|
Mean value of the j 
rate constant, k, 
in |Jgm. cm «. min“
log k 
10
780 871.0 2.9400
790 891.2 2.9500
800 988.6 2.9950
810 1122.0 3.0500
|3
820 3.1150
830 1479.1 3.1700
840 1776.2 3.2495
850 1972.4 3.2950
860 2187.8 3.3400
870 2570.4 ’3.4100
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2. Cobalt
Table II
The value of the rate constant, k5 Is the mean of 
four determinations vd.th a reproducibility of « 5% *
Temperature °C
1
Mean value of the ! 
rate constant, k, 
in jugm. cm^ , min” •
log k 
10
975 855.1 2.9320
995 990.1 2.9960
1015 1091.4 3.0380
1035 1294.2 3.1120
1055 1452.1 3.1620
1065 I836.5 3.2640
1075 2259.4 3.3540
1085 2666.9 3.4260
1095 2779.7 3.4440
1105 3020*0 3.4800
1110 3467*4 3.5400
1115 4226.7
i
3.6260
1120 4742.4 3.6760
1125 4130.5 3.6160
1130 3258.4 3.5130
m o 3235.9 3.5100
Continued..••
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Table II (Continued)
<
Temperature °CI Mean value of the
1145
1150
1155
ll6o
1165
1170
1175
1180
1185
1190
1200
1210
1215
1220
rate constant, k,c 
in uigm<> ca” % min
-3.
3076.x 
2805*4
2729.0 
2666«9
2818.4
3020.0
5224.0 
2992.3 
3191.6
3280.9
3499.5
3664*4
3801.9
4036.5
log k 
10
3*4880
3.4480
3 .4 3 6 0
3.4260
3.450C
3*4800
3.7180
3.4760
3.5040
3.516o
3.5440
3.5640
3.5800
3.6060
3« Nickel
Table III
Two determinations have been made at each temperature*
Temperature °0
^ . i
Oxidation rate expressed in deflection | 
of the float in mm* (mean value) I
After 5 minutes After 10 minutes |
330 1*25 0.75 |
2
340 1*25 1,00
350 1.50 o,75
355 4-00 2,0.0
36 o 5.00 2.75
365 2,25 1.50
370 1.25 1.00
375 3.25 2.00
385 3*25 1.25
395 2.75 1.50
405 4*00 3.00
4X5 I 4.75 2,50
425
!
i
1 5,75
I
3.50
i*
. .... . .. .. .... ..
As mentioned in Chapter 2 the calibration of the instrument 
for oxygen at '{ mm.Hg absolute has been assumed to be linear 
and the oxidation rate has been expressed in arbitary units.
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3*4 Discussion on Nickel
The preliminary experiments carried out so far in the neighbourhood 
of the Curie temperature tend to shew that the oxidation rate plot would 
be similar to chat of ircn„ ' There does not appear to be a sharp 
discontinuity in the oxidation rate as shown by Uhlig et al. [l9]«
However, the results obtained are not very conclusive. For the lack 
of sufficient accuracy and consistency in the results, no typical isotherm 
or Arrhenius plot have been shown. The results have been represented in 
a tabular form (Table III). Two determinations have been made at each 
temperature. The instantaneous oxidation rates (&¥/dt) at the end of 
5 minutes and at the end of 10 minutes have been taken as representative 
of the rate constant for the temperature. An examination of the results 
indicates that the oxidation rate rises to a peak value at 360°C, then 
falls off and shows a minimum at 370°C and then starts rising with 
increasing temperature. The decreasing oxidation rate as the temperature 
increases from 360°C to 370°C is indicative of a continuous plot with a 
peak at 360°C. In the lower temperature range (330 - 350°C) there is 
some scatter of the results. This could possibly be due to the fact 
that the accuracy of the measurement was not sufficient to reveal the exact 
magnitude of the small deflection, There appears to be another discon­
tinuous change in the oxidation rate around 395°C. In this connection 
j.t is in'ere sting to point out that Uhlig et al. [l9] report an anomalous 
change in the oxidation rate at 395°0 for commercial nickel. They did
not observe such a change for high purity nickel and hence have concluded 
that it is probably due to the impurities in the commercial purity 
specimens., However, this point can only be confirmed after a rigorous 
study*
The oxide-film thickness which builds up in the first 15-20 minutes
o . ( ® \
is estimated to be of the order of a few hundred Angstrom units (^200 A ),
In the case of nickel the added variable in the analysis of the results 
appears to be the fact that the oxide formed (NiO) is antiferromagnetic whose 
Neel point has been reported to be in the temperature range as high as 
219 - 374°C [70]# This temperature range of transformation is quite near 
the Curie temperature of nickel and hence apart from the electronic change 
in the metal those occurring in the oxide have also to be considered. In 
the case of iron and cobalt the oxides FeO, CoO do not show any significant 
change in their magnetic state in the temperature range around the Curie 
temperature of the metal [71].
The investigation on nickel would fall in the conventional "thin-film 
region" and an analysis of the results from the point of view of the various 
existing theories e.g. Cabrera-Mott, Grimley-Trapnell would be warranted.
Please see "Foreword" (p.5a)*
5*5 Ideas for Further Research
On the basis of the results obtained for iron and cobalt in the 
magnetic transformation temperature range and the suspected aliotropic 
change in cobalt (ll75°C;, one would expect a discontinuity in the 
initial oxidation rate of iron at the allotropic transformation ({3 - y 
change at 906°C). The results reported by Fishbeck and Salzer [39] at 
low partial pressure of oxygen (carbon dioxide saturated with water) 
show a sharp discontinuity, Uhlig [25] has quoted this experimental 
evidence in support of his theory. Results obtained in this laboratory 
by Chattopadhayay by using the above method (unpublished work) indicate 
that there is a discontinuity in the oxidation rate of iron at the |3-y 
transformation. The exact nature of the discontinuity has not been 
conclusively established. The oxidation rate falls off above the 
transformation temperature as iron transforms from b,c.c. to f.c.c. state. In 
this connection it is interesting to note that Cardwell [52], on the 
basis of photoelectric studies on iron, reports a significant change 
in the rate of emission of electrons at the allotropic change ((3-y) j 
Hence a rigorous study of the initial oxidation rate of iron in the 
neighbourhood of 906°C would be an interesting field for investigation.
On the basis of theoretical considerations the discontinuity in case of 
iron is expected to be of a different nature from that observed for 
cobalt at 1175°0. The allotropic changes in iron are typical of a 
first; order transformation whereas the established allotropic transformation
in cobalt (h.c0pt to ito.cu aj 470°C) is a peculiar type of transformation* 
It is a ’‘sluggish! transformation and does not occur at a well defined 
temperature [62j Q The suspected change at 1175°C may possibly be of 
the same nature as the one at low temperature.
On the magnetic transformation side the present work can be extended 
to alloys of the Transition metals showing a range of Curie temperatures. 
However, as pointed out earlier in connection with the work of Uhlig 
and Brasunas for iron-chromium alloys and Tammamand Siebel for iron- 
nickel alloys,, the oxidation mechanism of an alloy is complex compared to 
that of a pure metal, In the case of an alloy the oxidation process 
involves reaction with oxygen of two metals simultaneously with different 
affinities for oxygen. The composition of the alloy considerably affects 
the mechanism of oxidation. Hence, a rigorous study of the oxide and its 
transport mechanism is essential. The alloy should preferably be in 
the single phase region so as to avoid complex mechanism of oxidation. 
Further some knowledge about the electronic structure of the alloy system 
is desirable to draw correlations, if any, between the electronic structure 
and the initial oxidation behaviour. On the basis of these considerations 
alloy systems like iron*-chromium, iron-cobalt, iron-nickel, nickel-cobalt 
would be very interesting for -rlnvestigauicn,
The work can also be extended to the study of the nineties of the 
growth of oxi.de films on liquid metais* This would give some interesting 
information on the reactions at liquid metal-oxide interface.
81
4. C O N C L U S I O N
(1) The kinetic study of the initial oxidation of pure iron (700*870°C)
and. of pure cobalt (950-1220°C) up to film thickness of 150,000 A
o
and. 220,000 A respectively, indicates that the oxidation is logarithmic 
type.
(2) A marked change in the oxidation behaviour of these two metals at their
Curie temperatures (755°C for iron, 1121°C for cobalt) suggests that
the observed non-parabolic oxidation is controlled at the metal-oxide 
interface with the rate of electron transfer from metal to oxide as 
the rate-controlling step*
(3) The oxidation rate plot in the neighbourhood of the Curie temperature 
follows the specific heat-temperature curve and hence appears to be 
markedly influenced by the change in the density of electronic states 
at the Fermi Surface [N(ELg,)]#
(4) There is agreement with the basic idea in Uhlig!s theory that rate of
electron transfer from metal to oxide at the metal-oxide interface
controls the initial (non-Wagnerian-parabolic) oxidation and that this 
electron transfer is controlled by space-charge effects in the oxide#
(5) There is evidence from the observed discontinuity in the oxidation
rate of cobalt to support the claim of Metcalfe that there is a possible 
allotropic change in the metal at or near the Curie temperature. The 
exact temperature in this investigation has been observed to be 1175°C#
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(6) The activation energy for oxidation below the Curie temperature
(= 0*9^ - eV for iron and 1.0 eV for cobalt) shows reasonable agreement 
with the modified expression of the Rideal«Jones equation as applied 
by Uhlig.
(7) In the case of iron the entropy change associated with the magnetic 
transition appears to be the explanation for the difference in the 
activation energies for oxidation (”^ 0*5 ©V) above and below the 
Curie temperature.
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A b s t r a c t
K inetic studies o f the early stages of the oxidation of pure iron, initiated at a 
clean m etal surface, have been carried out a t a pressure o f 76 m m  H g absolute, 
and isotherm ally in the range 700-900°c, using a constant pressure-differential 
gas apparatus. The duration of each isothermal study has been restricted to 
the first two m inutes after the start of the reaction, and the thickness of oxide 
formed is calculated to,be of the order of 150 000 k. During this tim e values 
o f the instantaneous rate o f reaction dWfdt,  where W  is the weight o f oxygen  
consumed per unit area of the specimen and t is the tim e, have been obtained  
at intervals o f a few seconds from the instant when it becomes practically  
possible to  take a first reading. The relation between dW jdt  and W  is shown  
to  be exponential, and on extrapolating the linear plot log10 dW jdt  against t 
to t = 0, the initial reaction rate or reaction rate co n sta n ts, is obtained for 
each temperature. The plot log10 h against 1 IT, where T  is the absolute 
temperature, is continuous as a cusp which rises to  a sharp peak at the Curie 
temperature (755°c). The activation energies for oxidation in the tem pera­
ture-independent ranges above and below the Curie temperature are 33 100 
and 21 700 calories/mole respectively. From these results it  is deduced that 
the rate controlling step for the observed non-parabolic oxidation is electron  
transfer from m etal to  oxide at the m etal-oxide interface.
§ 1. I n t r o d u c t i o n  
F o r  this investigation it was first required to develop a technique suitable 
for the  study of the kinetics of the early stages of oxidation in cases where 
there is a rapid onset of diffusion-controlled oxidation, such as occurs for 
iron a t high tem peratures. Thereafter it  becomes necessary to  establish 
the rate  equation for the observed oxidation.
Davies et al. (1951) have studied the diffusion-controlled (parabolic rate  
law) oxidation of iron in this tem perature range. A plot of the logarithm 
of the parabolic rate  constant against the reciprocal of the absolute 
tem perature has been reported to show no discontinuous change a t the 
Curie tem perature. However, this may not apply to the initial stages of 
oxidation, and therefore the duration of each isothermal study has 
been restricted to the first two minutes only.
§ 2. A p p a r a t u s  a n d  P r o c e d u r e
-......•_____  2.1. Apparatus— .
The apparatus used to  obtain kinetic measurements was, apart from 
minor modifications, th a t described by Measor (1982). The drying tower .
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was replaced by a cylindrical brass filter vessel which was fitted with a 
stainless steel disc, porosity 4, on which was placed soda asbestos and 
magnesium perchlorate. The round bottom  flasks were replaced by brass 
cylinders of similar capacity. . Brass tubing was included wherever possible 
to link up the various pieces and the whole apparatus was adequately sup­
ported to provide maximum ridigity, which is an essential requirem ent for 
easy and accurate measurement. The furnace tem perature was maintained 
constant to within ± 1 °c by means of a saturable reactor un it controlled 
from a thermocouple situated outside the furnace tube. The indicated 
tem perature differed by less than  1 °c from the tem perature in the reaction 
zone on attaining steady conditions.
2.2. Procedure
Specimens were cut from spectrographically pure iron, 0-5 mm thick x 
2 cm wide, of areas ranging from about 1-5 cm2 for 870°o to about 8-5 cm2 
for 700°c, so as to give a large initial float deflection. Each specimen was
Fig.l
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degreased by washing first in sodium carbonate solution and then in benzene. 
I t  was then  washed in alcohol and the surface was prepared as uniformly as 
possible by means of a fine polishing paper (4 grade). I t  was rewashed in 
alcohol, dried, and then  introduced into the furnace tube a t room tem ­
perature. The furnace tube was then evacuated and wet hydrogen was 
adm itted. The tem perature of the  furnace was raised slowly to  about 
800 °c and the specimen was given a reducing treatm ent for about two hours. 
Fresh hydrogen was introduced a t frequent intervals. After evacuating 
hydrogen from the furnace tube, and with the tem perature remaining steady
Fig. 2
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Typical isothermal plot (870°c) of (dWjdt)~2 against t to show deviation 
from parabolic rate law.
a t  the pre-determined figure, oxygen was adm itted from the reservoirs, into 
and out of which purified oxygen flowed a t a rate  equivalent to  about 
3cm 3/min a t atmospheric pressure. Prior to adm itting oxygen to  the 
furnace tube more oxygen was adm itted to  the reservoirs, to  accommodate 
the resulting change of pressure, so th a t the working pressure remained a t 
76m m H g absolute. As soon as conditions were steady, which m ay be 
after 40 sec or less, instrum ent readings were taken a t shortest possible
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time intervals. These readings were taken to an accuracy of 0*1 rum using a 
magnifying lens. A t the end of 2 min the reference flow rate was obtained 
and values of dW  jdt (reaction rate), inpg  cm-2 min-1, where W is the weight 
of oxygen consumed per unit area of the specimen and t is the time, were 
calculated as explained by Measor (1962).'
Fig. 3
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§ 3 . R e s u l t s  a n d  D i s c u s s i o n
Figures 1 - 3  show the results of a typical isothermal (870°c) study plotted 
with different functions of dWjdt as ordinate and t as abscissa. In  fig. 1, 
with dWjdt as ordinate, the relation appears to  be exponential. ' In  fig. 2 
(dW/dt)~2 is ordinate to show conformity or otherwise with the parabolic 
relation observed by Davies et al. (1 9 5 1 ) .  The apparent deviatiori which 
occurs in the early stag;es is hot definitely confirmed in fig. 4, which shows 
the relation between W and t. ' However, the validity of this plot is a 
little uncertain since the values of W  were obtained from fig. 1 after ex tra­
polation to i=0. From fig. 3 , where log10dW  jdt is ordinate, the  plot is
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seen to,.;he constantly linear as a two-stage grow th, w ith a continuous 
transition region. . The slope of the first stage is higher than  th a t of the 
second. The rate  equation m ay be represented a s : •. ,.■!
dW  jdt = k . exp ( — Jc't), . . . . V (1)
where Jc is the reaction rate  constant and k! is an arbitrary  constant. This, 
strictly speaking, is an asymptotic equation bu t for small values of t the 
asymptotic and direct logarithmic equations become experimentally 
indistinguishable (Evans 1960). ’ Hence, the rate  equation m ay be 
expressed in the more established forrn (direct logarithmic) a s :
dW/dt = k e x V { - k 'W ) , . . v  . . . .  (2)
where t = 0, W =  0 and
{dWldt)t^  = k. . . . . . . .  (3)
Thus the initial reaction rate  obtained by extrapolating the first stage of the 
plot, fig. 3, to t = 0 is taken as the rate  constant of the reaction. The final 
value of log10 k for each tem perature is the mean of a t least four results, and 
corresponds to  a reproducibility of ± 5% .
Fig. 4 /
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The plot log10 Tc against 1/T  (T  is the absolute tem perature), fig. 5, is 
continuous as a cusp which rises to  a sharp peak a t 755°c. The activation 
energies for oxidation above and below the Curie tem perature are 33 100 
and 21 700 calories/mole respectively. These values are in sufficiently close 
agreement with the corresponding values 31 500 and 20 000 calories/mole,
Fig. 5
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which were obtained by plotting log 10Jc/T against 1/T (1c in eqn. (3) con­
tains the term  T exp — AE jR T , where A2£ is the  activation energy for the 
reaction). The point of intersection, fig. 5, is a t  about 900°c which is 
very nearly the /3-y transform ation tem perature. The evidence of 
continuity indicates th a t a single rate  controlling step is operative in the 
tem perature range of the plot. A m arked change in the activation energy 
due to the magnetic transform ation in the metallic substrate points to
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control of the non-parabolic oxidation a t the m etal-oxide interface. The 
most significant change occurring a t the Curie tem perature is an electronic 
transition in the metal. Further the oxide formed in the tem perature 
range of the present investigation (FeO) is a p-type semiconductor w ith an 
unusually high percentage of lattice vacancies (vacant cation sites) and 
grows almost entirely by cation diffusion (Davies et al. 1951). Hence, from 
the observed m agnitude of change in the oxidation behaviour a t the Curie 
tem perature, it  appears th a t rate  of electron transfer from metal to oxide 
a t the m etal-oxide interface is the rate-controlling step.
Awberry and Griffiths (1940) have reported the peak in the specific heat 
curve for iron in the magnetic transform ation tem perature range to be a t 
755 °c and the effect of the transform ation to be spread over an appreciable 
tem perature range on either side of the peak. The specific heat value for 
iron, for the purpose of the present discussion, is made up of the following 
p a r ts :
(1) Lattice vibration term  (Cv) which remains practically constant.
(2) Thermal expansion term  (Cp — Ov) which is small and can be
neglected.
(3) Electronic specific heat (Oe).
(4) Magnetic specific heat (Om).
According to  A rrott and Noakes (1961), the electronic specific heat data  
in the case of iron cannot be considered separately from the m agnetiza­
tion data, if  ferromagnetism is treated on the rigid band model as arising 
from the same electrons as are responsible for the electronic specific heat. 
Hence the specific heat change for iron in the magnetic transform ation 
tem perature range should be expected to give a direct measure of the 
change of the density of electronic states a t the Fermi level, which, in turn, 
would influence the rate  of thermionic emission of electrons; an increased 
density increases the  rate  of emission and vice versa. Further, Cardwell 
(1953), from photoelectric studies, reports no significant change in the work 
function of iron as it transforms from the ferromagnetic (a) to the pa ra ­
magnetic (J3) condition. However, he reports a significant change in the 
rate  of emission of electrons, which is attribu ted  to a change in the number 
density of free electrons and the transition-probability factor for an 
electron. Seemingly from fig. 5 the rate  of oxidation varies directly with 
the num ber density of free electrons in the metal. Further, the oxidation 
rate  a t the  Curie tem perature is of unique value and, significantly or not, 
the  ratio kx:k2 of the theoretical oxidation rates is almost exactly 2:1.  
Higher oxides, the formation of which is apparently connected in some way 
with the magnetic transition, were observed in the tem perature range 
740-840 °c. However, they were not observed in the initial oxidation 
period considered in this investigation in which FeO is formed.
Uhlig (1956) explains the initial oxidation of metals which obey the 
logarithmic equation by considering electrical space-charge effects in the
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oxide film, with electron flow from metal to oxide as the  rate  controlling 
step. Over the film immediately adjacent to the metal and extending to 
about 1 0 0 0  a , the charge is of constant-density, whereas a diffuse-density 
charge exists in the oxide film which grows on flop of the first layer,; and 
extends up to several thousand angstroms. These two layers give a tw o- 
stage logarithmic growth and explain the persistence of this rate  equation 
up to a film thickness of 104 A. Uhlig’s view is th a t the magnetic transition 
in the metal can affect the oxidation rate  and the difference in the activation 
energies for oxidation above and below the Curie tem perature should be in 
reasonable agreement with the difference in the electron work function of 
the metal.. In  support of th is Uhlig et al. (1959) have reported results in 
the  ease of nickel, which show a sharp discontinuity in the oxidation ra te  a t 
the Curie temperature. I t  is not clear how a sharp discontinuity could exist 
in the oxidation rate  a t the Curie tem perature if the magnetic transform a­
tion is a second, possibly third, order transform ation (Darken 1950). 
However, it  does appear in the present investigation th a t the  oxidation 
mechanism involves electrical space-charge effects which influence the 
metal-oxide interface reactions. The maximum film thickness in this 
investigation, calculated for the first stage a t 870°c, is 150 0001;. Although 
this is much higher than  the maximum in  .Uhlig’s model i t  does not seem 
inconsistent in view of the fact th a t Tylecote (1950) has reported the 
persistence of logarithmic oxidation of copper up to a film thickness of the 
order of 105 A. . All the results in fig. 5 are based on the first stage growth 
(fig. 3).- The second stage has not been rigorously studied and accordingly 
the observed two-stage growth is no t by any means compared w ith th a t 
described in Uhlig’s model. • -
Uhlig (1956) has applied the empirical R ideal-Jones equation (1929) 
in a modified form, to the logarithmic oxidation of elements like nickel and 
copper which form non-volatile oxides. I t  has been applied to both stages 
of oxidation described in Uhlig’s model. : The modified expression is shown
&E = cf)0 — X 1+ [X 2 — (<f)a + (f)e)], . . (4)
where A E  As the activation energy for oxidation, cf>0 is the work function of 
the metal, X 1 and X 2 are the work functions of the oxide a t the m etal-oxide 
and oxide-oxygen interfaces respectively, </>e is the electron affinity of 
oxygen ( = 3-4ev) and <^a is the small additive energy introduced by 
adsorption of oxygen on the oxide. I t  has been shown th a t the  term  
(</>a + </v) is constant and approximately equal to 3-6ev. From  eqn. (4), 
the activation energy for oxidation corresponds to the potential influencing 
the escape of an electron from the metal surface in contact w ith the oxide. 
The average value of the work function for a-iron a t 870°k has been 
reported as 4-65ev (Cardwell 1953). Substituting this, and the value of 
the activation energy for oxidation (?= O’ 94 ev) below the Curie tem perature, 
in eqn. (4), it  follows: . ••’••• ?
' 0-94 =  4-65 —K , ■ " ' ■ ■
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where K  = [X* - X 2 + (<£a +  <£e)]. • - - ■' • - : •1
. .-. X  =  3-71ev. r .t, ‘ ' V . . ,, .:
X x~ X 2 because) (^a +  ^ e) — 3-6ev. 1
This is in reasonable agreement with the value of K  expected for the first 
stage of oxidation in Uhlig’s model. ' The activation energy for oxidation 
increases by 11400 calories/mole (=  0-5 ev) as iron transform s from a to /3 
state without any appreciable change in the value of </>0 (Cardwell 1953), 
The difference could possibly be due to the fact th a t above1 the Curie 
tem pera tu re :
and in fact X x < X 2.
The inequality between X 1 and X 2 in the paramagnetic (/3) condition 
could be due to the change in the number density of free electrons in the 
metallic substrate, which, in turn , would influence the potential a t the 
m etal-oxide interface. From eqn. (4) the term  [f0 — X x + X 2] can be taken 
as the work function of the metal as modified by contact with the semi­
conducting oxide. Hence the change in the activation energy for oxida­
tion in a and /3 conditions of iron is probably due to the change in the 
extent by which the work function of the metal is modified by contact with 
the semiconductor oxide (FeO) or, in other words, due to the change in the 
potential a t the m etal-oxide interface.
§ 4. C o n c l u s i o n  .
The kinetic study of the initial oxidation of pure iron in the tem perature 
range 700-900°c up to a film thickness of 1 5 0  0 0 0 a  indicates th a t the 
oxidation is logarithmic type.
A marked discontinuous change in the oxidation behaviour about the 
Curie tem perature (755°c) suggests th a t the observed non-parabolic 
oxidation is controlled a t the m etal-oxide interface with electron transfer 
from metal to oxide as the rate  controlling step. The oxidation rate  in the 
tem perature range of the investigation appears to be markedly influenced 
"by the change in the number density of free electrons in the metal, which 
also appears to be the explanation for the difference in the activation energies 
for oxidation (=  0-5 ev) above and below the Curie tem perature.
There is agreement with the basic idea in Uhlig’s model th a t electron 
transfer from metal to oxide controls the initial (non-parabolic) oxidation 
and further, below the Curie tem perature the activation energy for oxida­
tion (=  0-94 ev) obeys the modified expression of the Rideal-Jones equation 
(Uhlig 1956).
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